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Abstract: This research study describes recent advances in understanding the effects of the addition
of organic acids, such as acetic, lactic, citric and phytic acids, on the process of plasma electrolytic
oxidation (PEO) on Ti using an alkaline bath. As the plasma developed over the workpiece is
central to determine the particular morphological and structural features of the growing oxide, the
focus is then on the inter-relationships between the electrolyte and the resultant plasma regime
established. In situ optical emission spectroscopy (OES) allowed us to verify a marked plasma
suppression when adding low-molecular-weight anions such as acetates, resulting in short-lived
and well-distributed discharges. Conversely, when more bulky anions, such as lactates, citrates
and phytates, were considered, a less efficient shielding of the electrode caused the build-up of
long-lasting and destructive sparks responsible for the formation of thicker coatings, even >30 um,
at the expense of a higher roughness and loss of compactness. Corrosion resistance was tested
electrochemically, according to electrochemical impedance spectroscopy (EIS), and weight losses
evidenced the coatings produced in the solution containing acetates to be more suitable for service
in HzSO4.

Keywords: PEO; titanium; organic acids; plasma; OES; CV; EDS; GD-OES

1. Introduction

Titanium and its alloys are characterized by a combination of mechanical properties,
such as low density, high strength-to-weight ratio, high biocompatibility, relatively high
melting point and excellent corrosion resistance, making these materials suitable for a
wide range of applications—to name just a few, space, aerospace, automotive, marine,
biomedical, chemical and food industries [1,2]. The great corrosion resistance, effective in
a wide range of environments, is due to the presence of a protective titanium oxide film
that spontaneously forms on the metal surface when it comes in contact with oxidizing
environments. Even if the natural protective layer shows an outstanding chemical stability
and adhesion to the substrate, its maximum thickness is limited to ~10 nm, making surface
treatments necessary to provide a more effective and reliable protection. One of the most
promising electrochemical techniques to achieve this purpose is plasma electrolytic oxida-
tion (PEO), which allows one to increase the oxide thickness well beyond one micron [3,4].
PEO consists in a high-voltage anodic oxidation applied on valve metals such as Al, Mg and
Ti, generally in alkaline solutions [5,6], even if, quite recently, PEO on Ti using sulfuric acid
was verified to be highly effective for corrosion resistance enhancement [7]. This allowed
oxide with thicknesses in the range ~2 =+ 8 um to be obtained, showing very good adher-
ence and stability when immersed in strongly acidic solutions, such as 10% v/v HySO4
at 60 °C, and, in some cases, making it possible to overcome performances of Ti grade 7.
This makes the application of such conversion treatments desirable when using Ti in the
following applications: (1) metal pickling in hot concentrated sulfuric acid (a common
choice adopted during descaling of desalination plants [8]); (2) airplanes experiencing
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H,S0, condensation from troposphere and stratosphere; (3) contact with corrosive lithium
bromide in refrigerator systems [9]. Given the large part of Ti production employed in
case of aerospace-related application, in the present study, oxides were tested for corrosion
resistance in a sulfuric acid environment.

Despite the set-up used during PEO being similar to the one used during standard
anodizing, the mechanism of oxide growth is totally different. In fact, while, in standard
anodizing, the oxide grows according to a continuous migration of ions due to the high
field produced inside the dielectric material, in PEO, the metal is mainly oxidized directly
inside the plasma. This causes the oxide to grow in thickness as the evaporated titanium
oxide molecules condense during plasma cooling. As a result, a PEO oxide is continuously
destructed and reconstructed, finding continuous feeding of the metal cation, necessary for
oxide formation, directly from the material ejected from substrate evaporation. According
to the literature, several attempts have been performed to understand the physics behind
the oxidation mechanism in a complex phenomenon such as PEO involving plasma, liquid,
vapor, and solid phases. Generally, they can be divided in the following:

o Models describing the oxidation mechanism: Yerokhin et al. [10] gave an interpretation of
Al oxidation as composed by two concomitant reactions, i.e., electrochemical surface
oxidation and plasma chemical oxidation with total current density, used during the
process and redistributed according to these contributions. Matykina et al. [11], instead,
performed sequential PEO treatments over Al in an alkaline solution containing 180
isotope, verifying the reaction site where alumina forms to be localized in the deeper
coating region near the barrier layer, thus demonstrating the process to be mainly
controlled by the transport of O-species in the inner part of the coating and the
formation of ions and radicals according to plasma interactions.

e Models describing the mechanism of plasma ignition: Hussein et al. [6,12] were among the
first to successfully characterize the PEO process on Al, by in situ optical emission
spectroscopy (OES). According to their evidence, plasma could be ignited following
three mechanisms, a result also confirmed by other independent authors [13]. Type-A:
surface plasma, not involving the deeper coating regions, excited in correspondence
of small features size, such as defects, leading to electric field amplification beyond
water breakdown (~1 MV-cm™1). Type-B: dielectric discharges involving all the coating
thickness ignited in correspondence of the metal substrate and modelled according
to the electron avalanche theory [14]. Their occurrence could be roughly predicted
depending on the oxide band gap (Eg), ~3/2 Eg proportional to the energy necessary to
accelerate a valence e~ creating a cascade effect by impact ionization. Type-C: plasma
emission mainly occurring below the surface in correspondence of holes filled with
gas and electrolyte.

Plasma modulation is found to be an effective route to control the morphology, struc-
ture and composition of the coating. This can be achieved by selecting proper electrical
parameters, such as frequency and amount of cathodic polarization, or according to the use
of additives, such as organic materials, in the alkaline bath. Those additives are considered
to protect the film from violent discharges, as molecules tend to adsorb on the electrode
through their functional groups (—OH, —COOH, —NH etc.). It is here shown how this
strategy can substantially improve coating features, such as compactness and homogene-
ity, at the expense of a lower overall oxide thickness. In this way, corrosion resistance,
tested in strong acidic solutions, was highly enhanced. This approach is desirable; in
fact, based on our experience, Ti oxide coatings produced by PEO using an alkaline bath
such as 1 M NaOH + 4 g~L’l NaySiOs3 are very thick, even >100 pm, but very friable and
inhomogeneous, as it is possible to notice in Figure 1.
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Figure 1. Optical image of Ti PEO oxide produced in an alkaline solution containing silicates.

Despite the large thickness, the oxide was not effective against immersion in 10%
v/v HpSOy4 at 60 °C, demonstrating a corrosion rate, evaluated during preliminary tests,
of ~6.59 mm~year‘1. For this reason, this study is focused on the effect of the addition
of several organic acids, such as acetic, lactic, citric and phytic acids, paying particular
attention to how the PEO process and resultant coating features, such as morphology,
structure, and elemental composition, are modified. Among all the organics considered,
phytic acid (C¢H18024P¢) was selected, as this large molecule is generally adopted as a
corrosion inhibitor. It is composed by 24 O atoms, 12 OH™ and 6 phosphate carboxyl
groups responsible for strong chelation with many metal cations, such as Fe, Cu, Ni and
Ti [15-17]. Zhang et al. [18] added phytic acid (2 + 12 g-L!) to a basic aqueous solution of
10 g-L~! NaOH and observed a decrease in solution conductivity and a higher breakdown
voltage for a progressively increasing concentration of the organic acid. The same author,
in another study [19], compared the use of phytic acid and sodium silicates, during PEO
on Mg, finding a better corrosion resistance when using the former substance, as the
compound promoted MgO crystal growth and a decreased surface porosity.

Acetic acid (CH3COOH), on the other hand, is a weak organic acid composed by a
small molecule where a methyl group is linked to a carboxyl unit. Rashid et al. [20] studied
the addition of acetic acid to a solution of H3PO,, during Al anodizing, observing improved
corrosion resistance properties, while Selimin et al. [21], anodizing Ti in a solution of 0.9 M
acetic acid, verified improved apatite formation. Furthermore, chemicals containing the
acetate anion were found to act as efficient sealants involved in the protection of porous
PEO coatings formed on Ti [22].

Citric acid (C¢HgO7) contains three carboxyl groups connected by a backbone com-
posed of five C atoms. Koczera et al. [23] found benefits when adding a small amount of
citric acid (10 g-L ™) to the anodizing bath of Al, attributing a higher coating thickness
and quality to inhibition of the dissolution reaction of alumina. Santos et al. [24] found
citric acid to favor achievement of the PEO regime on Al and to limit metallic particles
incorporation thanks to its complexant ability.

Lactic acid (C3HgO3) is an a-hydroxy acid with one carboxylic and one methyl group
characterized by a pK; ~ 3.86. Its main use in the anodization field is related to the synthesis
of nanotubular geometries [25,26], where the organic molecule acts as an anodic breakdown
retardant, favoring the nanotubes’ thickness and growth rate. However, as lactates tend
to be preferentially adsorbed on the electrode surface during the anodic half-cycle, the
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decrease in the overall charge transfer reaction, responsible for metal oxidation, determines
a lower film growth [27]. Despite the use of the above cited additives, in processes involving
valve metals such as Al or Mg, to the best of our knowledge, no report regarding PEO on Ti
with the following chemicals has been reported.

2. Materials and Methods

Anodization treatments were performed in a basic solution of 1 M NaOH and 4 g-L~*
of Na,SiO3, considering the addition of 5 g-L.~! of the organic acids listed in Table 1. It is
possible to notice how both solution conductivity and pH were almost unaffected by the
type of organic additive used.

Table 1. Sample labels and PEO electrolyte parameters.

Label Basic Solution Organic Additive Conductivity (uS) pH
PEO-AC 1M NaOH + 4 g-L~! Na,SiO; 5 g-L~! acetic acid 1272 14.0
PEO-LA 1M NaOH + 4 g-L~! Na,SiO3 5 g-L~! lactic acid 1274 14.0
PEO-CI 1M NaOH + 4 g-L~! Na,SiO3 5 gL~ citric acid 1272 14.0
PEO-PH 1M NaOH + 4 g~L_1 Na,Si0O3 5 g«L_1 phytic acid 1273 14.0

The treatments were performed in a 1 L Pyrex beaker over 10 x 10 x 1.6 mm?3 Ti grade
2 (UNS R50400) samples cut by metal shearing. Ti coupons were incorporated into epoxy
resin and mechanically polished with silicon carbide papers according to the sequence
100, 320, 600, 800, 1200 and 2400/4000 mesh and alumina particles to obtain a mirror-like
surface with roughness down to ~0.8 um. After polishing, the specimens were sonicated in
ethanol for 5 min and washed in deionized water. A cylindrical counter electrode based
on an activated titanium net (radius of 50 mm) was placed around the titanium coupon
while the solution was stirred using a magnetic anchor rotating at 600 rpm, in order to
avoid mass transfer limitations. The pulsed anodization signal was designed according to
the fully programmable California Instruments Asterion 751 series AC/DC power source
using a duty cycle of 60A%-40C%-7CP% repeated at 1000 Hz, where “A” and “C” stand
for anodic and cathodic polarization, while CP indicates the % of cathodic polarization
applied with respect to the anodic one. This waveform was selected as it was demonstrated
to be particularly useful for corrosion resistance enhancement in our previous paper [7].
Conversion treatments were performed under a potential-controlled regime considering
a forming voltage of 90 V reached through a constant ramp, leading to a total treatment
time of 320 s. Current and voltage curves, recorded during PEO treatments, were acquired
using a Tektronix TBS-1072B-EDU oscilloscope(Tektronix, Beaverton, Oregon).

Morphology was investigated using a Carl Zeiss EVO 50VP SEM (ZEISS, Oberkochen,
Germany), equipped with a Bruker X-ray spectrometer for chemical microanalysis (EDS).
The crystal structure was characterized by the X-ray diffraction technique (XRD) using a
Philips PW3020 goniometer with Cu K radiation (1.54058 A).

The composition was studied through glow discharge optical emission spectroscopy
(GD-OES) according to a SpectrumA ANALYTIK GDA 750 HR analyzer (Spectruma, Hof,
Germany). In situ optical emission spectroscopy (OES) was instead executed using an
Ocean Optics 52000 spectrometer equipped with an optical fiber P400-1-UV-VIS, allowing
an overall spectral resolution of ~0.3 nm in a window of 300 =+ 1100 nm to be obtained.

All the electrochemical tests were performed using a Metrohm Autolab PGSTAT, using
a standard three-electrode cell with a silver/silver chloride (SSC) reference electrode and an
Amel Pt counter electrode. All tests were repeated three times, to confirm the quality of the
results, for each PEO solution. Tafel analyses were performed by polarizing the sample at
4250 mV with respect to Eqorr considering a scan rate of 10 mV-min . Cyclic voltammetry
was scanned between +5 V/SSCqat. and —5 V/SSCsyat. at a scan rate of 0.05 V-s—1, starting
from —5 V/SSCqqt. Electrochemical impedance spectroscopies (EISs) were performed in a
frequency window of 10°+10~2 Hz, considering a sinusoidal signal with an amplitude of
10 mV s, collecting 10 points per decade of frequency.
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The corrosion rate was determined by weigh loss tests performed in a free corrosion
condition, immersing the coated samples in 10% v/v H,SO4 at 60 °C for 24 h, a solution
commonly employed during metal pickling operations [8].

3. Results
3.1. PEO Treatments

Titanium dioxide formation in an alkaline solution may be the result of two concomi-
tant reactions,
Ti** + 20%~ = TiO, 1)

Ti** +4OH~ — TiO, + 2H,0 ()

with O?~ and OH~ coming from water spitting and basicity present at the oxide—electrolyte
interface. Those reactions contribute to the formation of a progressively thicker barrier,
causing, beyond a certain threshold, anodic breakdown to occur. This extensively con-
tributes to the retention, according to complex plasma and electrochemical reactions, of
Si-containing species, such as SiO;.

Si03%~ (1) + HyO (I) — plasma — SiO, (s) + 20H™ () (3)

Si03%~ — SiO; + 1/20; + 2e~ (4)

The addition of organic molecules can significantly affect the kinetics of the above
equations, resulting in peculiar features investigated in the following paragraphs.

For this reason, voltage (V)-time curves are presented in Figure 2 for all PEO treat-
ments. It was possible to see that the use of different organic additives had a strong
influence when sparks started to manifest over the electrode surface (~50 V, in present
conditions). In particular, abrupt V oscillations were observed when acetic acid (Figure 2a)
was added to the alkaline bath, with peaks reaching ~170 V. The opposite holds true in case
of phytic acid (Figure 2d), with a V trend very well reproduced, showing almost the absence
of strong V surges, confirming the presence of less destructive discharges responsible to
induce strong variations of the impedance of the electrochemical cell.

Figure 2. Voltage-time trend of PEO-treated samples in (a) acetic, (b) lactic, (c) citric and (d) phytic acids.
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To obtain a deeper insight regarding PEO regime evolution and possible differences
among the different solutions tested, current (I)-time plots were collected at 300 s of
treatment and are shown in Figure 3 at the millisecond time scale. According to previous V
features, apart from an initial capacitive I peak, arising from the charging of the electrical
double layer (EDL), only phytic acid (Figure 3d) presented a smooth decay until the I
plateau (responsible for oxide growth) was reached and maintained for the entire duration
of the anodic half-part of the duty (60%).

Figure 3. Current-time curves at the ms time scale of PEO-treated samples in (a) acetic, (b) lactic,
(c) citric and (d) phytic acids.

Therefore, the absence of I surges is an indication of the higher ionic contribution with
respect to the electronic one required to sustain the multitude of sparks. Similarities were
instead observed in Figure 3b,c confirming the close trend highlighted in Figure 2b,c, where
an intermediate behavior between phytic and acetic acids (the latter probably showing a
lower level of ionic current) was established. Interestingly, the trend seemed to correlate
not only with the acidity constant of the organic additives used in the present analysis
and corresponding to ~1.5 for phytic, ~3.13 for citric, ~3.86 for lactic and ~4.76 for acetic
acids [28,29] but also and more importantly with the molecular weight of the organic acids
considered to be fully deprotonated in such a high-pH environment.

The integration of the anodic and cathodic I contributions and their ratio R = %
are very informative to account for the plasma regime present over the electrode. In fact,
values > 1 are indicative of “soft plasma” [30,31] control, where the higher amount of ca-
thodic I transmitted to the sample favors the suppression of intense discharges responsible
for oxide destruction and loss of protectiveness. However, the R values collected in Table 2
are far from indicative of the occurrence of such phenomenon where a higher amount of
transmitted anodic charge was always verified. Two R values were collected in case of
PEO-LA and PEO-CI, compatibly with the two different I behaviors observed. A higher
amount of anodic ] was transmitted when no peak was present, with values tending to the
one observed for phytic acid (0.31).
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Table 2. R values evaluated according to integration of the anodic and cathodic I contributions of all
PEO treatments.

Sample R= %
PEO-AC 0.56
PEO-LA 0.42;0.34
PEO-CI 0.43;0.23
PEO-PH 0.31

3.2. Oxide Morphology and Composition

The samples’ bulk structure was investigated according to XRD with diffractograms
collected in Figure 4.

Figure 4. Diffractograms of (a) PEO-AC, (b) PEO-LA, (c) PEO-CI and (d) PEO-PH.

It was possible to see that all the samples presented both amorphous and crystalline
characters with anatase, rutile and low quartz as the main crystal structures. Acetic acid
(Figure 3a) promoted a lower coating growth, compared with other solutions, as the
Ti metal intensities were substantially higher. Nonetheless, the presence of both TiO,
polymorphs, i.e., anatase and rutile, was detected. On the other hand, if the electrolytic
bath was enriched with lactic (Figure 4b) or citric (Figure 4c) acid, rutile was the main
phase composing the coating. Moreover, some intensities related to low quartz appeared,
confirming a partial transition of amorphous silica to the crystalline form. PEO carried
out in phytic acid induced the largest amount of amorphous SiO, formation according to
the broad feature observed in Figure 4d in the 20 range ~28 + 35°. It is not clear if the
lower anatase and rutile reflections were related to a lower overall amount or to a sort
of encapsulation effect [32], caused by the SiO; layer that, generally, disposes in the top
portion of the oxide coatings [33,34], thus altering the intensities of the peaks indicative
of the underlying phases. Rietveld XRD quantification allowed us to estimate the relative
amount of the crystalline phases present in the samples. The results are collected in Table 3.
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Table 3. Rietveld XRD quantification results.

Sample Anatase % Rutile % Low quartz % Rwp
PEO-AC 78.57 19.87 1.56 10.44
PEO-LA 1.22 96.85 1.93 7.05
PEO-CI 1.11 98.08 0.80 6.96
PEO-PH 32.70 67.28 / 8.12

It is possible to notice how the quantity of low quartz scaled with the I trend previously
observed. In fact, phytic acid presenting a relatively smooth I distribution (see Figure 4d)
did not allow crystalline SiO, to stabilize; however, this was enhanced when current
surges manifested.

After encapsulation, in epoxy resin, and cutting by metal shearing, sample cross-
sections were analyzed by SEM-EDS and the results are highlighted in Figure 5. In agree-
ment with previous observations, advanced by looking at Ti XRD reflections, PEO-AC
determined the lower oxide growth (~4.5 um), while, when using phytic acid as organic
additive, a coating of ~32.5 um developed. Similar I trends resulted in comparable thick-
nesses for the samples PEO-LA (~19.35 um) and PEO-CI (~19.53 um). Morphology was
greatly affected by the type of additive used in the electrolytic bath; in fact, when using
acetic acid, a coating mainly constituted by agglomerated particles resulted. Two layers
composed PEO-LA, PEO-CI and PEO-PH (see Figure 5g,m,s), namely, one in contact with
the metal with similar features to PEO-AC and one thick upper region with evidence of
densification occurred by the plasma generated during the process. PEO-PH, in particular,
appeared quite friable, as part of the coating was often detached during the encapsulation
procedure in the epoxy resin.

This was confirmed by looking at the coating weights collected in Section 3.3, where,
despite the larger thickness, PEO-PH presented a lower weight gain than both PEO-LA and
PEO-CI. The coating growth rates were evaluated, presenting 0.84 pm-min~! for PEO-AC,
3.63 um-min~! for PEO-LA, 3.66 um-min~! for PEO-CI and 6.09 um-min~! for PEO-PH.
These results suggest an important influence of the additive used on the kinetics of growth
of the coatings; this aspect is deepened in Section 4.

The EDS analysis over oxide cross-sections allowed us to discern the presence of both
elements belonging to the electrolyte (such as Si, Na, O and C, plus P for PEO-PH) and to
the substrate (Ti). In particular, Si was found to be very abundant for all the oxides apart
from PEO-PH where accumulation in the form of agglomerates resulted. In addition, Na
and C were present inside the coating, mainly disposing in the upper oxide portion, sign
that these cations were mainly incorporated inside the material during the plasma event.
This is particularly true for PEO-AC and PEO-PH, demonstrating a higher C retention even
in the deepest region of the coating. The addition of phytic acid, instead, permitted P to
accumulate inside the coating, disposing, in particular, at the oxide bottom.

The SEM-EDS analysis confined to the samples’ surfaces (Figure 6) allowed us to
distinguish different morphologies depending on the organic additive used.

In particular, when using acetic acid, a porous surface, common [35] to PEO treatments
performed in low pH environments [3,7], developed with pore diameters of ~0.98 &+ 0.3 pm.
The pores” number was substantially reduced when using lactic (Figures 6 and 7) and citric
(Figure 6m, even if their size was markedly increased (~4.64 £ 2.1 um for PEO-LA and
~18.5 + 3.4 um for PEO-CI). Moreover, when using lactic acid, acicular deposits formed
over the surface, demonstrating a homogeneous elemental composition with respect to
the background. Apart from the sample PEO-AC, large cracks cut the sample surfaces
departing from the holes left by discharges, a result compatible with the stress release
generated by the abrupt cooling of the melted oxide. A very different morphology was
observed when dealing with phytic acid, characterized by roundly shaped agglomerates,
sometimes crossed by pores (diameter of ~4.34 & 1.1 um) as a result of a spark event.
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Figure 5. SEM-EDS analysis of PEO-AC (from a to f), PEO-LA (from g to 1), PEO-CI (from m to r)
and PEO-PH (from s to y).

The presence of these hollow protuberances is indicative of the condensation of a
molten oxide with high viscosity and presence of abundant gas evolution exerting high
pressure responsible for this hemispherical shape formation [36]. Irrespectively of the
organic additive used, Ti, O, Si, Na and C were always present over the electrode surfaces.
Ti in particular seemed to concentrate, in the case of PEO-LA, around the central hole
highlighted in Figures 6 and 7, while it seemed rather homogeneously distributed over
the surface for all the other samples. Similar results manifested when looking at the Si, O
and Na signals for PEO-LA, PEO-CI and PEO-PH, indicating that those elements actively
participated in the discharge process. It is difficult to draw similar observations for the
sample PEO-AC, as the relatively homogeneous morphology did not allow us to separate
relevant features from EDS inspection. Interestingly, a relatively high C signal was detected
in Figure 6Lr in the case of PEO-LA and PEO-CI near the hole boundaries.
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Figure 6. SEM-EDS analysis of PEO-AC (from a to f), PEO-LA (from g to 1), PEO-CI (from m to r)
and PEO-PH (from s to x).

For the elemental quantifications purpose, a GD-OES analysis was performed and the
results are displayed in Figure 7, with element quantities expressed as molar concentrations (%).

The thickness values seemed to well agree with the data extracted via SEM, confirming
PEO-AC to be the thinner oxide and the addition of phytic to favor the growth of the thickest
coating. Looking at the molar concentration of the elements present in the sample PEO-AC
(Figure 7a) permitted us to speculate the synthesis of structures different from TiO, and
5iO,, such as titanium silicide. However, as the former phase was not detected by the
previous XRD analysis, it should be assumed the formation of an amorphous structure
if present. In the case of PEO-LA and PEO-CI, similar elemental profiles were observed
to agree with the previous I trend and XRD analysis, highlighting TiO, polymorphs,
amorphous SiO; and low quartz as the main phases. Interestingly, both PEO-CI and PEO-
PH presented a smoother transition of Ti in correspondence of the oxide-metal interface,
probably according to the formation of low valence oxide phases localized in the oxide
region immediately in contact with the metallic substrate [37]. Apart from the sample
PEO-AC, a Si peak denoted accumulation in correspondence of the metal-oxide interfacial
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region. C content was relatively low in all cases apart from the sample PEO-AC, correlating
with previous EDS observations, while the presence of P for the sample PEO-PH was
confirmed and enhanced at the coating bottom.

Light emitted during the electrochemical process was analyzed according to in situ
OES and collected in the form of spectra as in Figure 8.

Figure 7. GD-OES profiles of samples PEO-AC (a), PEO-LA (b), PEO-CI (c) and PEO-PH (d).

Figure 8. Optical emission spectra of samples PEO-AC (a), PEO-LA (b), PEO-CI (c) and PEO-PH (d).



Coatings 2022, 12,143

12 of 21

The main elements participating in the optical emission events were labeled according
to the NIST database [38]. Generally, the most intense lines belonged to Ti, O, C and
Si species. Interestingly, in case of PEO-AC, where a less developed spectrum agrees
with a lower plasma intensity, Ti I (594.175 nm) was the most intense line, as opposed to
other conditions facing Ti II (590.163 nm) as the species responsible for the most relevant
optical transition. Apart from PEO-AC, all the treatments produced the transition line Ti
IV (at 624.774 nm) related to the Ti3* species. In addition, neutral carbon (C I) was always
detected, while C2* (C III at 540.836 nm) contribution was registered only when using
phytic acid. The same result can be highlighted for Na II, O II and O IV, while O III was
present in all treatments apart from PEO-AC.

3.3. Electrochemical Tests

Corrosion resistance was tested in free corrosion conditions in sulfuric acid. Weight
losses were then converted into corrosion rates, collected in Table 4, by subtracting the
weight of the coating introduced during PEO; this allowed us to limit the analysis to
substrate dissolution only.

Table 4. Weight-loss test results expressed in the form of corrosion rates (mm-year~!) for Ti coupons
immersed in 10% v/v H>SOy at 60 °C.

Sample

Coating Mass (10~ g)  Standard Deviation

C.R. (mm-year 1
(mm-year—1) Standard Deviation

1 2 3
PEO-AC 8.00 1.01 0.00 0.18 0.00 0.10
PEO-LA 92.33 18.43 1.99 1.59 2.01 0.24
PEO-CI 83.33 10.50 0.12 0.27 0.03 0.12
PEO-PH 62.67 7.57 3.62 2.60 2.33 0.67

Despite the lower thickness, acetic acid addition allowed all the other materials to
be outperformed by almost one order of magnitude, resulting in a corrosion performance
even better than the one registered by Ti grade 7 (C.R. ~0.21 mm-year ') [39] immersed
in the same solution. The corrosion rates presented significant scattering. This can be
attributed to the presence of weak spots localized at the samples’ edges determined by the
establishment of long-lasting plasma as the result of electric field amplification.

To further investigate the response of the PEO oxides, EIS tests were carried out in
the previous solution and the results are plotted in Figure 9 in the form of Nyquist and
Bode representations.

Figure 9. (a) Nyquist and (b) Bode representations of PEO oxides immersed in 10% v/v sulfuric acid
at 60 °C.



Coatings 2022, 12,143

13 of 21

Imaginary impedance versus frequency provides a rich source of information of the
system under investigation. In fact, being the latter quantity independent of solution
resistance, it is possible to extract the characteristic frequency of the process occurring over
the electrode surface simply by reading the value in correspondence of the -Z” peak. The
presence of one peak is indicative of a single activation-energy-controlled corrosion reaction
and the low relaxation frequency allows us to speculate a reaction controlled by diffusion of
charged species inside the porosity of the oxide. As the Ecory was always anodic with respect
to the conduction band of the material (estimated ~ —0.2 V/SSCs,;. in present conditions),
no oxide reduction was expected to occur during the EIS tests. Higher impedance values
were observed in the cases of PEO-PH and PEO-AC, presenting larger semicircle diameters
and a lower characteristic frequency, sign that diffusion phenomena occurred in a slower
time scale with respect to other samples. Since the slopes of the -Z” significantly differed
from +1 and —1, indicating the presence of distributed processes, a constant phase element
was used instead of the capacitor in the Randles circuit (Rs-Ret//CPE) fitting Z spectra,
where Ry and R are indicative of solution and charge transfer resistance. The results are
collected in Table 5.

Table 5. Experimental values extracted via EIS tests performed on samples immersed in 10% v/v
H,S0, at 60 °C.

Sample Rs (Q-cm?) Ret (Q-cm?) Y, (uS-s™) n N

PEO-AC 0.285 28300 290 0.775 0.078
PEO-LA 0.282 13600 258 0.791 0.061
PEO-CI 0.475 9780 293 0.766 0.063
PEO-PH 0.403 49300 97 0.789 0.102

It is possible to see how PEO-LA and PEO-CI presented considerably lower Rt than
the other samples. This could be related to the high degree of crystallinity reflected in the
presence of the rutile and anatase domains observed via the XRD analysis. Conversely,
PEO-AC and PEO-PH were found to be less crystalline, especially the latter, presenting a
higher amorphous character probably favored by the presence of P. This was considered
the reason why the substantial R¢ reduction. However, even if, from an electrochemical
point of view, PEO-PH demonstrated enhanced surface properties, the rough architecture
permitted coating debonding to occur quite early, exposing the substrate to the aggressive
solution and resulting in high corrosion rates. On the other hand, PEO-AC exhibited
both high R and debonding resistance to long-time exposure in sulfuric acid at high
temperature, indicative of better overall performances in low pH service. The exponent “n”
of the constant phase element, used to approximate the capacitive behavior of the system,
largely deviated from 1, compatibly with the high dispersion caused by inhomogeneities
and surface roughness.

Cyclic voltammetry and Tafel analysis were performed on each PEO solution with the
aim of investigating the electrochemical behavior of the metal far from Ecorr. An anodic
peak was detected for all the solutions tested, as illustrated in Figure 10a. According
to the absence of a cathodic current peak, this wave should correspond to a dissolution
phenomenon [40], as predicted by the Pourbaix diagram [41], leading to the formation
of titanates.

TiO; 4+ 2NaOH = NaTiO3; + H,O (5)

However, since, after the anodic wave, i stabilized towards low anodic values, sudden
repassivation with formation of TiO, was expected to happen. As the anodic current peak
(i,¢Y) was lower, ~0.004 A-cm~2, in the case of PEO-AC, it was reasonable to assume
the adsorption of acetates to control and limit both titanates” formation and subsequent
repassivation, compatibly with the huge anodic Tafel coefficient b, ~3780 mV-decade ™!,
collected in Table 6, after Tafel analysis. Metal passivation was more efficient when using
phytic and lactic acid. This can be demonstrated by the lower cathodic current plateau, i,
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observed at very cathodic potentials limiting the kinetics of water reduction. On the other
hand, in the presence of acetic acid, i, was substantially higher, sign that, after the anodic
cycle, substrate passivation was less effective. Even if these results can be used to justify
the overall lower oxide growth, they do not provide explanation for why acetic acid should
favor the retention of such a high level of Si inside the material, leading to the speculation
about the formation of titanium silicide-like phases. The justification of the latter finding
deserves more in-depth studies and will be afforded in future papers.

Figure 10. Cyclic voltammetry (a) and potentio-dynamic plot (b) of samples immersed in
PEO electrolytes.

Table 6. Electrochemical parameters extracted according to cyclic voltammetry and Tafel analysis
performed on Ti grade 2 samples immersed in PEO solutions.

Ecorr ba b . CV )
Sample (mV/SSCer)  (mV-decadel) (mV-decade?) 1a  (Acm™®)
PEO-AC 295 3780 340 0.004
PEO-LA 358 378 172 0.022
PEO-CI 379 143 238 0.034
PEO-PH 500 880 212 0.014

The two vertical black dotted lines drawn in Figure 10a (line 1 and line 2) are indicative
of the potentials at which the two EIS tests were performed for all the solutions used
during PEO, i.e., 0.5 V/SSCsat. (Figure 11a) and 1.5 V/SS5Cg,;. (Figure 11b), before and in
correspondence of the anodic wave observed during the CV tests. It is possible to see that
one-time constant was always present, compatibly with the electrode passivity held at low
anodic potentials and reactivity shown at higher voltages.

The considerably higher impedances observed in the case of PEO-AC suggest the
stronger tendency of acetates to limit charge transfer reactions at the electrode, while the
contrary holds true in the case of phytic acid, favoring anodic reactions to occur. Things
were different if performing EIS at 1.5 V/SSCs,t, where the markedly lower impedance
values and the formation of capacitive arcs, intersecting the real impedance axis, demon-
strated higher dissolution currents to flow. The negative imaginary impedance plotted
in Figure 11c is very informative about the time scale of the anodic dissolution process
occurring over the electrode, with time constant inferable from the maximum of the -Z”
peak. This information, combined with the charge transfer resistance R, extractable from
the intersection of the arc in Figure 11b with Z’, allows the capacitance C of the system to

be calculated as in Equation (6).
1

fe= 27R4C (6)
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where f, is the characteristic frequency of the dissolution process. The results are collected
in Table 7. After C evaluation, the capacitor equation (Equation (7)) was used to extract
the oxide film thickness d, produced according to the anodic polarization, considering a
dielectric constant ¢, for amorphous TiO;,, equal to 13.7 [42], with A corresponding to the
geometric area of the sample and ¢, to the permittivity of vacuum.

€0eA
d

C= @)

Table 7. Capacitance C and oxide thickness values d of parameters extracted from Equations (6) and (7).

Sample C (10~ F-cm™2) d (nm)
PEO-AC 14.1 86
PEO-LA 10.2 118
PEO-CI 9.85 123
PEO-PH 8.42 144

Figure 11. Nyquist representation of Ti samples immersed in PEO solutions tested at (a) 0.5 V/SSCqgat.,
(b) 1.5 V/SSCsat. and (c) relative imaginary impedance.

The thickness values are coherent with the trend highlighted from the SEM analysis of
the PEO oxide cross-sections, confirming smaller molecules to be more effective in anodic
reactions’ inhibition and consequent film growth.

4. Discussion

Several characterization techniques were applied with the aim of understanding
how the addition of different organic additives affect the evolution of the plasma process
responsible for the material synthesis. Figure 12 delineates the evolution of the PEO process
appearing strongly affected by the different organic acids added to the alkaline bath.
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Figure 12. Visual observation of the PEO process developed using acetic acid (from a to e), lactic acid
(from f to j), citric acid (from o to k) and phytic acid (from p to t).

In particular, PEO-AC presented numerous small and homogeneously distributed
white discharges very similar to light emissions produced during PEO performed in
sulfuric acid electrolyte [3,7,34], where the absence of an orange-like hue accounts for the
relatively low thickness of the growing layer. In fact, in all the other cases, orange-like
sparks manifested, even in correspondence of 4 min of treatment, as localized spots with
lower electrical resistivity. The abrupt I oscillations, visualized in Figure 3a, referred to
PEO-AC, combined with the observation of short-lived sparks, allowed us to speculate
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the presence of processes involving the pinching-off of I. As a consequence, the discharges
were not powerful enough to provide the oxidation required to thicken the coating and so
to establish the necessary cell resistivity to sustain the dynamic evolution of the process.
Consequently, this caused I to flow in the form of surges with a high electronic component
contributing to the retention of an abundant number of cations, such as Na, C and Si.
This was confirmed by looking at the OES spectra demonstrating Si to enter the
discharge channel with a +1 valence state, while the absence of O*" lines indicates less
oxidative conditions were provided during plasma formation over the PEO-AC sample.
The abundant presence of Si can be the result of (1) the presence of type-B sparks creating
preferential channels for Si ingress, or (2) the presence of high electric fields, as the result
of the considerably thinner coating, enhancing electrophoretic motion of ions. Moreover,
the high temperature involved during plasma formation and the presence of a cathodic
half-cycle can favor faster kinetics of cathodic reactions, leading to Si formation, such as [43]

SiO, + 4e~ — Si +20%~ (8)

while the presence of acetate, found to inhibit most anodic reactions, can compromise the
evolution of Equation (4), resulting in higher quantity of silicon species different from
silicon dioxide.

A rather different plasma developed when using phytic acid; in fact, after 4:30 min,
sparks started to coalesce in extremely large agglomerates, homogeneously covering a large
portion of the electrode surface, which is a result, based on our experience, similar to PEO
being carried out in NaOH without the use of any organic additive. Moreover, a consid-
erably higher amount of gas can be evidenced from Figure 12p-t, with respect to other
conditions and according to the surface morphology previously observed. Reasons behind
this observation can be double; on one hand, it is generally expected to have abundant oxy-
gen evolution in presence of soda, particularly when phytates are not efficient in shielding
charge transfer, leading to oxidation and parasitic reactions such as the one describing hy-
droxyl ions losing their electrons at the anode-20H™ = O, + 2H* + 4e™. This situation can
be partially avoided by adding small organic molecules (~60.052 g-mol '), such as acetates,
efficiently covering the electrode surface, thus limiting the overall charge transfer. However,
phytates possess more than ten times higher molecular weight (~660.029 g-mol~!) than
the former anion, posing reasonable concerns regarding their ability to efficiently cover
the electrode surface, shielding reactions responsible for gas evolution and for discharge
current to flow. As a result, by comparing molecular parameters, the process evolution
seems to be affected by the molecular weight of the organic additive, with acetic acid (the
smaller molecule) providing the most intense plasma suppression, while phytic acid the
least intense one. Secondly, it is worth considering the role of decomposition products of
phytic acid according to the high temperatures developed during plasma discharges. It
was reported by others [44] that, for T > 380 °C, decarbonation of the phytate is prominent,
resulting in CO; evacuation and dehydration. This observation agrees with the O IlI-related
lines extracted from the OES spectrum, particularly high in intensity and numerous for
the sample PEO-PH. As a result, the additional gas evacuated according to previous ther-
mal decomposition can be considered as a booster for plasma ignition and sustainment.
Consequently, thickness increased even if the presence of large static long-lived discharges
determined the growth of a porous, badly sintered, and low-adherent architecture much
more similar to a deposition rather than to a high field growth. Silicates can generally
favor the growth of a stable, compact, and uniform oxide layer; however, the negatively
charged phytate can strongly chemically adsorb on the metal surface, during the high
anodic potential, creating a dense network limiting the adsorption of negative ions such as
silicates. This was demonstrated not only according to the low level of Si verified via EDS
and GD-OES but also to the less noble E.;+ observed during the Tafel analysis.

This kind of plasma can, in principle, be described as superficial type-A or C in nature;
in fact, a lower Ti content was previously evidenced from the EDS analysis results presented
in Figure 5t and the GD-OES profile presented in Figure 7d, indicative of a lower tendency
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of substrate material to be ejected, as, instead, it generally happens in the presence of strong
dielectric type-B discharges. However, not all the fragments of the phytate anion seemed
to participate to the discharge event, as no P lines were found from the OES and no P
appeared over the surface of PEO-PH sample in appreciable amounts. Nonetheless, based
on the elemental profile highlighted during the GD-OES analysis and EDS along the coating
cross-section, the presence of P, particularly concentrated at the oxide bottom, suggests
phytates, or at least the fragments containing P, to take part to the initial oxide growth,
probably affecting, in some measure and according to Albella’s theory [45], the subsequent
avalanche breakdown phenomenon leading to spark initiation. Similarities arising from the
observation of the electrochemical parameters between citric and lactic acids can be used to
justify the comparable PEO regime evaluated through visual observation of the process and
I trend seen in Figure 3b,c. As a consequence, oxides with comparable thickness, surface
morphology and elemental distribution were synthetized. In the case of PEO-LA (see
Figure 12g,h), artistic plasma filaments formed following the rise of gas bubble columns,
while the slightly more localized and large plasma spots observed in the case of PEO-CI
were compatible with the less numerous but larger pores seen in Figure 5m. This was
beneficial in terms of corrosion resistance in concentrated sulfuric acid, with the reduction
in the corrosion rate (~0.14 mm-year~!) by almost one order of magnitude with respect to
PEO-LA (~1.15 mm~year‘1).

The EIS analysis revealed surface properties to be highly dependent on the level of
crystallinity of the oxides. In fact, Rt was considerably lower in the cases of PEO-LA
(13,600 Q-cm?) and PEO-CI (9,780 Q-cm?), presenting a high level of anatase and rutile
crystallites. On the other hand, PEO-PH denoted a highly disordered character with a
high degree of amorphicity, mainly dependent on the presence of P, conferring a high R
(49,300 Q-cm?). Apart from charge transfer, even diffusion through the oxide layer porosity
can be roughly estimated according to EIS by using Equation (9).

=5 ©

where f; has the usual meaning, D is the diffusion coefficient of charged species in the
diffusion process along the length . The results agree with the corrosion rates evaluated
through the weight losses, demonstrating diffusion of charged species to be two orders
of magnitude lower in the case of PEO-AC (5.06-10% cm?-s~1) with respect to PEO-LA
(2.40-10~7 cm?-s~1), PEO-CI (2.40-10~7 cm?:s~!) and PEO-PH showing the highest value
of 2.64-10~7 cm?:s~1. The numbers clearly demonstrate the diffusion process to mainly
occur in the liquid phase, as, generally, solid state diffusion of charged species such as
protons in titanium oxide systems attains values ~ 10712 cm?:s~! in present experimental
conditions [46].

5. Conclusions

Organic additives were found to strongly interfere with the evolution of plasma elec-
trolytic oxidation reactions. In particular, a correlation between the molecular weight of
the organic matter used and plasma modulation was established, allowing us to further
increase the level of knowledge of PEO technology. To a different extent, depending on
the chemical properties of the additive used, coating qualities such as compactness, homo-
geneity and corrosion resistance were largely improved with respect to PEO treatments
performed in an electrolytic bath not containing organic additives. After a detailed process
and material characterization, the conclusions below could be drawn.

Acetates strongly affected charge transfer reactions: This contributed to pinch off the anodic
current, limiting coating growth and crystallinity. For this reason, well-distributed and
penetrating type-B discharges created a preferential path and high electric fields responsible
for enhancing a homogeneous Si ingress along all the coating thickness (~4.5 um). This
resulted in a high molar concentration of Si, ~50% of Si, inside the coating, allowing us
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to speculate the formation of titanium silicide such as species compatibly with a lower
presence of O (~20%).

Surface type-A plasma was stimulated upon the addition of phytic acid: Phytates did not
compromise charge transfer for reactions involving metal oxidation and gas evolution, but,
rather, due to the formation of a dense network, they limited the ingress of bulky anions
such as silicates. This caused abundant deposition of a porous material (mainly in the
form of Ti oxide), the formation of a thicker coating (~32.5 um) and a low Si content. A
rough architecture was obtained with considerable lack of adhesion between the particles
composing the deposit, which, combined with a lower content of Si species (such as
5i0,), determined the poorer corrosion resistance verified during long exposure in hot
concentrated sulfuric acid.

Intermediate properties between PEO-AC and PEO-PH were observed when using lactates
and citrates: The latter anions permitted the growth of thick oxides (~20 pm) with a high
level of anatase and rutile and even the presence of low quartz. This, combined with the
similar current trends observed during the process, further strengthens the possibility to
modulate plasma formation responsible for oxide structure, composition, and morphology,
depending on the molecular weight of the organic additives used during the process.

The best corrosion resistance properties were attained when using acetic acid: Despite the
relatively low thickness, coatings formed in an alkaline bath containing acetic acid outper-
formed the other conditions tested, showing a corrosion rate of ~0.06 mm-year~'. Surface
properties, investigated in 10% v/v HySOy4 at 60 °C, gave PEO performed with the addition
of acetic acid the best resistance to coating debonding after 24 h free corrosion. The EIS tests
performed in the same solution indicated the presence of a diffusion-controlled corrosion
process. Despite the considerably lower thickness, mass transport in PEO-AC occurred
with a similar time scale with respect to PEO-PH, compatibly with the higher compactness
when using acetates in the PEO solution. Consequently, the diffusion coefficient evaluated
via EIS for PEO-AC (~5.06-10~? cm?-s~1) presented a magnitude almost two orders lower
than the other coatings. The lower charge transfer resistance attained when using lactates
and citrates is a consequence of the higher degree of crystallinity imparted to the oxide
layers during PEO.
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